The a subunits of the stimulatory and inhibitory G proteins, Go. (4, 5). Recently, tumors of human endocrine glands have been found to contain point mutations in the genes coding for G-protein a subunits, which result in amino acid substitutions at the critical positions identified by site-directed mutagenesis (6). Since G proteins control signaling pathways that elicit a mitogenic response in several tissues, these point mutations are considered oncogenic.
Gj.1 is expressed in the absence of thyrotropin in thyroid autonomous adenoma, an endocrine-active tumor, and its levels are not regulated by thyrotropin in thyroid epithelial cells prepared from these tumors. If thyroid epithelial cells are treated with pertussis toxin to block signal transduction via Gi, the mitogenic response to serum factors is reduced. These observations demonstrate that G1 subtypes transmit growth stimuli in the human thyroid. The constitutive expression of G,.1 in autonomous adenoma may allow for the unregulated stimulation of thyroid cell proliferation by a yet unidentified signaling pathway and, thus, be causally related to autonomous growth of thyroid cells.
that are constitutively activated since the catalytic rate of GTP hydrolysis is dramatically reduced and, hence, the lifetime of the active species is increased by more than two orders of magnitude (4, 5) . Recently, tumors of human endocrine glands have been found to contain point mutations in the genes coding for G-protein a subunits, which result in amino acid substitutions at the critical positions identified by site-directed mutagenesis (6) . Since G proteins control signaling pathways that elicit a mitogenic response in several tissues, these point mutations are considered oncogenic.
In the present study, we have investigated the G proteins controlling adenylyl cyclase in thyroid autonomous adenoma, since this transmembrane signaling system is of preeminent importance for the control of hormone secretion and of cellular proliferation in the thyroid (7) . We show that the stimulatory G protein G, apparently functions normally in these endocrine active tumors, whereas the regulation of expression of Gia-s a subtype of the inhibitory G protein a subunit Gi,, is altered. The abnormal expression of Gia-1 in the adenomatous cells may be causally related to their autonomous growth.
About 5% of all individuals develop a thyroid nodule in their lifetime. The majority of these tumors are benign. A subset of these neoplasms proliferate and secrete thyroid hormone in a manner independent of pituitary control and are, therefore, referred to as autonomous adenoma (1) . Environmental factors, such as radiation exposure and iodine deficiency, are believed to play a role in the pathogenesis of some thyroid neoplasias. However, the molecular mechanisms underlying the development of thyroid autonomous adenomas are still poorly understood although abnormalities in G-protein functions have been implicated. Heterotrimeric G proteins are composed of a, f3, and y subunits and couple membranebound receptors for hormones, autacoids, and neurotransmitters to their cellular effector systems, such as enzymes generating second messengers or ion channels. The a subunit cycles between a GTP-bound active monomeric form and an inactive GDP-bound form. Transition from the inactive to the active species is greatly accelerated by the appropriate receptor, which catalyzes the exchange of GDP for GTP. The transition from the active GTP-liganded form to the inactive species results from hydrolysis of the bound GTP by the intrinsic GTPase of the a subunit (2, 3) .
Studies on the structure-function relationship by using site-directed mutagenesis have identified several highly conserved amino acid residues in the a subunits that are critical for the cleavage of GTP; mutant a subunits can be produced MATERIALS AND METHODS Tissue Specimens and Membrane Preparation. Tissue specimens (1-2 g) were obtained during surgery from hyperactive solitary adenomas and the healthy surrounding tissue and immediately frozen in liquid nitrogen. A total of 11 samples met the following selection criteria: histopathologically verified autonomous adenomas characterized by a uniform internal architecture, substantially different from the surrounding normal thyroid parenchyma, elevated serum levels offree thyroid hormones that completely suppressed pituitary thyrotropin (TSH) secretion and resulted in circulating TSH concentrations below the detection limit. The resulting suppression ofthe remainder ofthe thyroid gland was verified by [99mTclpertechnate scanning. In addition, we obtained tissue samples from patients with hormonally inactive (cold) microfollicular adenomas, from patients with Graves disease (six), and from patients with toxic (one) and nontoxic (five) diffuse multinodular goiter. For membrane preparation, the tissue samples were rapidly thawed in buffer containing 50 mM Tris-HCl (pH 8), 1 mM EDTA, 1 mM EGTA, 20 AuM aprotinin, and 0.25 M sucrose, minced, and homogenized by means of an Ultra-Turrax. The homogenate was filtered through two layers of cheesecloth and centrifuged for 15 min at 50,000 x g. The resulting pellet was washed twice in Gs,. Recombinant (r) Gsa s and rGsa-L, the splice variants of GSa, were purified from bacterial lysates as described (11); rGia-1, rGia-2, rGia-3, and rGa were purified according to Linder et al. (12) and used to verify the specificity of the antibodies employed. A purified bovine brain G-protein preparation (containing Goa, Gia1, Gia-2, and trace amounts of Gia-3 and Gsa) was obtained according to Sternweis and Robishaw (13) ; this preparation rather than the Gi, subtypes was used as a blotting standard to verify comigration of the immunoreactive bands or pertussis toxin substrates identified in thyroid membranes. The subtypes of Gi, and Go, are myristoylated; this cotranslational modification is lacking on the Gia subunits synthesized in Escherichia coli; hence, the proteins derived from mammalian sources do not comigrate with the Gia subunits (14) .
Cell Culture Experiments. Conditions for dissociation of thyroid tissue and for primary culture of human thyroid epithelial cells were as described (15) . The culture medium contained 10% (vol/vol) fetal calf serum (FCS). Nonadherent cells were removed after 24 h, and cells were allowed to grow for additional 3 days. The thus obtained cell population consisted of >95% thyroid epithelial cells as estimated by staining with a serum from a patient with Graves disease containing a high titer of thyroid peroxidase antibodies (16) . In experiments where the effect of TSH on the expression of Gia-1 was studied, fresh medium containing or lacking TSH at 1 X 10-3 unit/ml was added subsequently. After 4-6 days, (1993) v tivity of the available methods, altered levels of G,, do not appear to account for the reduced adenylyl cyclase activity observed in autonomous adenomas.
Regulation of Gia Subtypes in the Human Thyroid in Vivo. Since adenylyl cyclase activity is subject to dual regulation (i.e., stimulation via Gs and inhibition via Go), we determined the levels of Gia subunits in membranes from thyroid autonomous adenoma by using antibodies of defined specificities for individual subtypes of Gja. The specificities of the pertinent antisera 84 and IC1 are shown in Fig. 2: antiserum 84 recognizes all subtypes of Gia but not Go, whereas 1iC is highly specific for Gia -. Two distinct Gi, subunits, which migrated at 40 and 41 kDa, were visualized in membranes derived from autonomous adenomas by using the antiserum 84 (Fig. 3A, lanes labeled A) or pertussis toxin-catalyzed ADP-ribosylation (data not shown). In the paired control membranes from the normal extranodular tissue, the species migrating at 41 kDa was greatly reduced or barely detectable whereas levels of the 40-kDa species were comparable (Fig.  3A, lanes labeled N) .
We identified the molecular species migrating at 40 kDa as Gia-2 by the following criteria: under the electrophoretic conditions employed, Gia-2 migrates faster than Gi,,l and Gia 3 (see Fig. 2 ); the 40 kDa band was also recognized by antisera SG2 (specific for Gia-2) and AS7 (specific for Giail and Gia,2) (18) . In addition, neither antisera IB3 nor IM1, which are specific for Gia3 or Goa, respectively (18) , detected any immunoreactive bands. The immunoreactive band at 41 kDa was also recognized by AS7 and was identified as Gi1, by the specificity of the antiserum i1C for Gia 1; as shown in Fig. 3B (Fig. 4B, lanes 1, 3, and 4) . However, Gia was missing in the sample obtained from one patient with hyperthyroidism arising from toxic multinodular goiter (Fig. 4B, lane 2) . In contrast, Giai, and Gia-2 were found in thyroid membranes from patients with Graves disease (Fig.  4C) (Fig. SA, lanes labeled N, and B) ; levels of Gi.-2 remained essentially unaffected by TSH treatment (Fig. 5B) . In contrast, Giai-was expressed constitutively in thyroid cells derived from autonomous adenoma and its formation could not be further induced by TSH (Fig. 5, lanes N, and B) and from an autonomous adenoma (A, lanes A) were incubated for 4 days in the presence and absence of TSH (1 x 10-3 unit/ml). Lanes: 1, 100 ng of purified bovine brain G proteins; 2, 50 ng each ofpurified rG( ,, and rGS< L. Membrane proteins (50 I&g, corresponding to 5 x 1iO cells) were resolved by SDS/polyacrylamide gel electrophoresis, transferred to nitrocellulose, and probed for Gi.-I with antiserum I1C (A) or for Gia.l and Gi.-2 with antiserum 84 (B) and for G.,t (as an internal control) with antiserum CS1. This experiment is representative for four similar incubations carried out on different cell preparations.
to increase the level of expression of individual splice variants of Gs, (19) .
The lower adenylyl cyclase activity, which we determined in Gia,1-containing tumor membranes, when compared to the paired membranes devoid of Gi. l, indicated that the different levels of expression of Gja 1 were of functional consequence. However, it remained questionable whether this observation was of any relevance for the regulation of thyroid growth.
Hence, we assessed directly the contribution of Gi-mediated signal transduction to cellular proliferation and measured the ability of pertussis toxin to block the mitogenic response of human thyroid epithelial cells to serum factors. Pertussis toxin treatment results in the ADP-ribosylation of Gia subunits on a cysteine 4 amino acids removed from the C terminus; this modification disrupts signal transduction by blocking the interaction between receptor and G protein (2, 3) . In cultured cells, pertussis toxin caused a concentrationdependent reduction of FCS-stimulated [3H]thymidine incorporation (Fig. 6B ) and a loss of pertussis toxin substrate (Fig.  6A) . Half-maximal inhibition occurred at a pertussis toxin concentration of 0.1-0.4 ng/ml in individual cell batches prepared from different patients and maximal inhibition was seen at 10 ng/ml. Incubation at this pertussis toxin concentration resulted in an almost complete loss of ADPribosylation substrate in membranes subsequently prepared from the pretreated cells. These findings establish that G,-controlled pathways contribute to thyroid growth. DISCUSSION Point mutations in G-protein a-subunit cognate sequences, which lead to constitutive activation of the protein, is one recently appreciated mechanism presumed to be involved in tumor formation in humans (refs. 6 and 20 and references therein). In the present report, we provide evidence for a mechanism by which G proteins may contribute to autonomous growth, namely, unregulated expression of a G-protein a subunit. This interpretation is supported by the following major findings of our work.
(i) We demonstrate that the expression of Gia in the human thyroid is under tight control of TSH in vivo and we show that this regulation can be reproduced in primary cultures of normal human thyroid epithelial cells. In vivo, autonomous adenoma and toxic multinodular goiter, condi- tions that result in suppression of pituitary TSH secretion and, hence, undetectable circulating TSH levels, are associated with reduced amounts of Gja l in the normal morphologically uniform thyroid tissue. In contrast, patients with Graves disease, an autoimmune disease with hyperthyroidism caused by antibodies capable of stimulating the TSH receptor, express Giai in the thyroid. This observation provides further evidence for a TSH-dependent control of Gi.-1 expression in vivo.
(ii) In autonomous adenomas Gia 1 escapes TSH control in vivo; abundant amounts of Gia 1 are detected in the tumor in spite of very low circulating TSH concentrations. Constitutive TSH-independent expression ofGia l can also be verified in vitro in primary cultures of thyroid epithelial cells derived from autonomous adenomas. As solitary autonomous adenomas are mostly of monoclonal origin (21), the observed alterations are presumably a constitutive feature of all cells excluding the possibility of differences between individual cells or differential survival of different types of cells in culture.
(iii) The subtypes of G, are capable of transmitting mitogenic stimuli in human thyroid epithelial cells. Pertussis toxin-sensitive Ga-dependent proliferative responses to defined stimuli such as serotonin, bombesin, thrombin, etc., as well as unidentified serum factors, have been observed in many fibroblast cell lines (22) (23) (24) (25) . Mutations in Gia-2, which lead to constitutive activation of the protein, have been identified in human tumors of the ovary and the adrenal cortex (6) ; transfection of mouse fibroblasts with the mutated Gja 2 gene leads to oncogenic transformation of the cells (26 It is generally accepted that, in the thyroid, signal transduction via G., which leads to elevated intracellular cAMP concentrations, promotes cellular proliferation (7). This is also substantiated by the finding that activating mutations in Gsa have been identified in human thyroid carcinomas (6, 33) . The reduction of basal adenylyl cyclase activity and the pattern of activity in the presence of guanine nucleotides observed in thyroid autonomous adenoma is incompatible with the presence of an activating mutation in G., in this subset of tumors: constitutively activated mutations in Gsa that arise from a drastically reduced catalytic rate of GTP hydrolysis (4, 5) are, therefore, associated with high basal adenylyl cyclase activities (34) and GTP-stimulated activities that equal or surpass the activity in the presence of nonhydrolyzable analogues (4, 5) . The fact that G1-dependent pathways are also capable of stimulating thyroid growth appears paradoxical, since activation ofthese pathways leads to a decrease in intracellular cAMP. A similar paradox exists for other human endocrine target tissues; as mentioned earlier, activating point mutations in Gia-2 have been identified in human tumors of the ovary and the adrenal cortex (6 (20) . At present, it is therefore attractive to speculate that cell proliferation in response to Gi-coupled receptors is independent of adenylyl cyclase inhibition in these tissues. Apart from mediating inhibition of adenylyl cyclase, the subtypes of Gia also control various other cellular effector systems such as K+ channels (3), neuronal and dihydropyridine-sensitive Ca2+ channels (12, 35) , and possibly also phospholipase D (36) . It remains to be determined whether any of these effector systems is involved in the propagation of the mitogenic stimulus and contributes to the G1-dependent cooperative stimulation of tyrosine phosphorylation of mitogenactivated protein kinase and related substrates (37, 38) .
